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Introduction 
Y 
During t h i s  report  period work has progressed on t h e o r e t i c a l  
investigations of the use of superlattices for promoting the e f f ic iency  of  
e l ec tro luminescent  devices and the MBE growth o f  ZnS on GaAs and S i  
subs tra tes .  The f i r s t  o f  these  i n v e s t i g a t i o n s  has been prepared f o r  
p u b l i c a t i o n  and i s  presented i n  the f o l l o w i n g  s e c t i o n .  The MBE growth 
a c t i v i t i e s  as described i n  sect ion 2. 
1. Theoretical Device Modeling 
. 
Variably Spaced S u p e r l a t t i c e  Electroluminescent  Display: 
A New High E f f i c i e n c y  Electroluminescence Scheme 
1 
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Abstract 
W e  p r e s e n t  a new, h igh ly  e f f i c i e n t  DC e l ec t ro luminescen t  display.  A 
v a r i a b l y  spaced s u p e r l a t t i c e  s t r u c t u r e  is used t o  produce high energy i n j e c -  
t i o n  of e l e c t r o n s  i n t o  a 2nSe:Mn ac t ive  l a y e r  i n  which impact e x c i t a t i o n  of 
the Mn c e n t e r s  can occur. The device is  predicted t o  ope ra t e  a t  an app l i ed  
e x t e r n a l  bias on o r d e r  of magnitude less than t h e  best DC e l ec t ro luminescen t  
device to  date. The device is predicted t o  have comparable b r igh tness ,  s i n c e  
it o p e r a t e s  i n  the s a t u r a t i o n  regime. The improved e f f i c i e n c y  stems from 
avoiding s i g n i f i c a n t  energy loss t o  phonons . The e l e c t r o n s  s e q u e n t i a l l y  
tunne l  through a m u l t i l a y e r  ZnSe/CaSrF2 stack under bias and emerge i n t o  t h e  
a c t i v e  l a y e r  a t  a n  energy e q u a l  t o  the  conduction band bending. The i n j e c t i o n  
energy is chosen t o  co inc ide  vith the impact e x c i t a t i o n  energy of the Mn 
cen te r s .  D i f f e r e n t  dev ice  designs a r e  presented and t h e i r  performance is 
predicted. 
'School of Electr ical  Engineering 
'Georgia Tech Research I n s t i t u t e  
1. I n t r o d u c t i o n  
w The v a s t  major i ty  of computer te rmina l  d i s p l a y s  are p r e s e n t l y  made wi th  
cathode r ay  tubes ,  CRTs. CRTs a r e  reliable, inexpensive,  h igh  q u a l i t y  v i s u a l  
color d i s p l a y s .  However, CRTs have l i m i t e d  use fu lness  i n  l i gh twe igh t ,  
portable t e rmina l s  owing t o  t h e i r  l a rge  s i z e ,  f r a g i l i t y ,  and h igh  vo l t age  
requirements.  A l t e r n a t i v e l y ,  f l a t  panel  d i s p l a y s ,  such as e lec t ro luminescent ,  
l i q u i d  c r y s t a l  and plasma d i s p l a y s ,  are being developed f o r  l i gh twe igh t ,  
portable computer terminals .  Each of t h e s e  emerging technologies ,  i n  t u r n ,  
has  its own l i m i t a t i o n s .  Liquid crystal displays,  though they provide  h igh  
q u a l i t y  r e s o l u t i o n  a t  low power requirements,  only e m i t  a s i n g l e  co lor .  
Plasma d i s p l a y s  can be made t o  e m i t  d i f f e r e n t  c o l o r s ,  b u t  a t  p r e s e n t  t h e s e  
d i s p l a y s  are p r o h i b i t i v e l y  expensive. P resen t  e lec t ro luminescent ,  EL, devices  
consume much power and, thereby,  requi re  high vol tage  d r i v e  sources .  However, 
EL d i s p l a y s  can be made t o  emit i n  d i f f e r e n t  colors and can be r e l i a b l y  
manufactured. . Therefore ,  a t  present, none of the t h r e e  technologies  has 
c l e a r l y  emerged as t h e  successor  to the CRT (1  I 
. 
Elec t ro luminescent  d i s p l a y s  are p r e s e n t l y  very i n e f f i c i e n t  i n  terms of 
power output and b r i g h t n e s s  versus  electrical  power inpu t .  The basic EL 
mechanisms are l o w  f i e l d ,  minori ty  carrier i n j e c t i o n  as i n  l i g h t  e m i t t i n g  
d iodes ,  and h igh  f i e l d  a c c e l e r a t i o n  of major i ty  carrier e l e c t r o n s  t o  o p t i c a l  
ene rg ie s  at which luminescent c e n t e r s  can be impact e x c i t e d  [2,31. High f i e l d  
E Z  was f i r s t  r epor t ed  i n  ZnS [ 4 1  and s i n c e  has  been i n v e s t i g a t e d  i n  a h o s t  of 
new materials as an a p p l i c a t i o n  of new t h i n  f i l m  technology 15-101. Two basic 
device  schemes have been r e a l i z e d  to date us ing  AC and DC power supp l i e s ,  
respec ti ve l y  
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AC e lec t ro luminescen t  devices  a r e  made by encapsu la t ing  a l a r g e  band gap 
semiconductor, such as 2nS:Mn or ZnSe:Mn, by two i n s u l a t i n g  l a y e r s ,  t y p i c a l l y  
Y203, on e i t h e r  side of the semiconductor layer .  An AC bias is  a p p l i e d  a c r o s s  
the d e v i c e  which a l t e r n a t e l y  a c c e l e r a t e s  t h e  e l e c t r o n s  from one semiconductor/ 
i n s u l a t o r  i n t e r f a c e  t o  t h e  other.  The source of the charge carriers is 
be l i eved  to be the i n t e r f a c e  s ta tes  which e x i s t  between the semiconductor and 
i n s u l a t o r  l a y e r s  [2,31. Due t o  the r e l a t i v e l y  small number of i n t e r f a c e  
states, the f r e e  carrier d i s t r i b u t i o n  is q u i t e  small, < 1.0 x 10 l1  l / c m 3  [31 .  
Electroluminescence occurs when the f r e e  carriers are accelerated t o  suf  f i- 
c i e n t l y  high energy such t h a t  impact e x c i t a t i o n  of the Mn c e n t e r s  is poss ib l e .  
The p r o b a b i l i t y  of an e l e c t r o n  impact e x c i t i n g  a c e n t e r  depends upon the 
c o l l i s i o n  cross s e c t i o n ,  the d e n s i t y  of c e n t e r s  i n  the semiconductor l a y e r ,  
and the p r o b a b i l i t y  of an e l e c t r o n  achieving t h e  impact e x c i t a t i o n  threshold 
energy. 
DC e l ec t ro luminescen t  devices ,  f i r s t  r epor t ed  by Thornton [111,  have been 
realized us ing  metal-insulator-semiconductor, M-I-S, metal-insulator-metal ,  
M-I-M, s t r u c t u r e s  o r  Schottky barriers 112,131. I n  these devices ,  the source 
of free charge carriers is the metal e l e c t r o d e .  Through a p p l i c a t i o n  of a 
r e v e r s e  bias i n  a Schottky barrier device,  e l e c t r o n s  t u n n e l  from the metal 
i n t o  the semiconductor. S imi la r  tunneling of e l e c t r o n s  through a very narrow 
i n s u l a t o r  l a y e r  i n  M-I-S dev ices  leads to  s i g n i f i c a n t  carrier i n j e c t i o n .  The 
p r i n c i p l e  advantage of DC electroluminescent  dev ices  over  their AC counter-  
parts is due t o  the much l a r g e r  f r e e  carrier concen t r a t ion  w i t h i n  the  DC 
dev ice  a v a i l a b l e  t o  impact e x c i t e  the luminescent c e n t e r s ,  i.e., Mn or 
comparable rare earths i n  the ZnS or ZnSe l aye r s .  . 
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DC EL dev ices  are operated i n  two d i f f e r e n t  modes, cont inuous and pulsed. 
Pulsed ope ra t ion  t y p i c a l l y  r e s u l t s  i n  longer  dev ice  l i f e t i m e s  a t  the same 
b r i g h t n e s s  l e v e l s  as compared t o  continuous ope ra t ion  [121  . Nevertheless ,  
performance d e t e r i o r a t i o n  w i t h  t i m e  is a c r i t i ca l  disadvantage of DC EL 
devices .  The d e t e r i o r a t i o n  i n  continuous DC devices  is due t o  t h e  inc rease  i n  
r e s i s t i v i t y  which can be p a r t i a l l y  o f f s e t  through pulsed  ope ra t ion  11 21. 
R e s i s t i v e  d e t e r i o r a t i o n  does not  occur i n  AC devices  s i n c e  they are c a p a c i t i v e  
s t r u c t u r e s .  Addi t iona l  advantages of DC over  AC EL devices  are lower power 
consumption, more v e r s a t i l i t y  i n  shape and s i z e ,  and ease of cons t ruc t ion  
A t  p r e s e n t  a l l  e lec t ro luminescent  dev ices  s u f f e r  from poor power 
e f f i c i e n c i e s ,  i.e., 0.1% f o r  DC EL devices  [121. The poor device  e f f i c i e n c i e s  
appear  t o  be due to  s e v e r a l  f a c t o r s ,  d i f f i c u l t y  i n  h e a t i n g  s u f f i c i e n t  carriers 
t o  ene rg ie s  h igh  enough t o  impact e x c i t e  the c e n t e r s ,  small c o l l i s i o n a l  cross 
s e c t i o n s  f o r  e x c i t a t i o n ,  and l i m i t e d  c e n t e r  concen t r a t ions  due t o  quenching 
effects [21. The main requirements  f o r  a c e n t e r  are i n n e r  s h e l l  t r a n s i t i o n s  
w e l l  shielded from the applied electric f i e l d ,  i s o v a l e n t  o r  n e u t r a l  t o  avoid 
d r i f t  a ided  d i f f u s i o n  of the c e n t e r s  (this is of g r e a t e s t  importance i n  t h e  DC 
devices  s i n c e  the f i e ld  always poin ts  i n  the same d i r e c t i o n ) ,  l a r g e  cross 
s e c t i o n  f o r  impact e x c i t a t i o n ,  high s o l u b i l i t y ,  h igh  r a d i a t i v e  e f f i c i e n c y  
wi th in  t h e  cen te r ,  and emission w i t h i n  the v i s i b l e  spectrum [2l . To d a t e  the 
c e n t e r  i d e n t i f i e d  w i t h  the most favorable  q u a l i t i e s  is Mn wi th in  either ZnS or 
ZnSe. I n  l i g h t  of the r e s t r a i n t s  upon the cen te r ,  it is d i f f i c u l t  t o  improve 
upon e i t h e r  the e x c i t a t i o n  cross sec t ion ,  an i n t r i n s i c  property of the center 
i t s e l f ,  or upon the doping concent ra t ion  of c e n t e r s  ( a t  high concen t r a t ions  of 
Mn, quenching [21 occurs ,  reducing performance).  Consequently, e f f i c i e n c y  
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enhancement can best be achieved by i n c r e a s i n g  t h e  number of h o t  e l e c t r o n s  
a v a i l a b l e  w i t h i n  the semiconductor layer. 
The most obvious means of increas ing  the h o t  e l e c t r o n  concen t r a t ion  is  by 
a p p l i c a t i o n  of a h igh  electric f i e l d  ac ross  t h e  semiconductor layer .  I n  
steady state, t h e  carrier h e a t i n g  from t h e  f i e l d  is balanced on average by 
i n e l a s t i c  s c a t t e r i n g  processes .  The p r i n c i p l e  s c a t t e r i n g  processes  which act  
t o  r e l a x  t h e  energy of the d i s t r i b u t i o n  are phonon s c a t t e r i n g ,  impact i on iza -  
t i o n ,  and i n  the case of EL devices ,  impact e x c i t a t i o n .  Both impact i on iza -  
t i o n  and e x c i t a t i o n  are threshold  processes  i n  t h a t  the carriers must achieve 
s u f f i c i e n t  energy i n  order t o  i n i t i a t e  the process .  I n  a w i d e  band gap 
semiconductor such as ZnSe or ZnS, extremely high. electric f i e l d s  must be 
app l i ed  t o  heat t h e  e l e c t r o n s  t o  s u f f i c i e n t  ene rg ie s  i n  order  to  a f f e c t  impact 
e x c i t a t i o n  of luminescent cen te r s .  The maximum electric f i e l d  t h a t  can be 
appl ied ,  though, Fs l imi t ed  by the o n s e t  of d r i f t  a ided  d i f f u s i o n  of the 
e x c i t a t i o n  c e n t e r s  and u l t i m a t e l y  by d i e l e c t r i c  breakdown of t he  semiconductor 
i t se l f .  Therefore, few e l e c t r o n s  survive from f i e l d  h e a t i n g  a lone  t o  h igh  
ene rg ie s  a t  which impact e x c i t a t i o n  can occur ,  r e s u l t i n g  i n  very l o w  e f f i -  
c iency o p e r a t i o n  of e x i s t i n g  EL devices. 
It is i n s t r u c t i v e  to  ana lyze  the na tu re  of t h e  electron d i s t r i b u t i o n  
func t ion  i n  a t y p i c a l  wide band gap semiconductor such as ZnSe under t h e  
a p p l i c a t i o n  of an applied electric field. The competing processes  of f i e l d  
h e a t i n g  and phonon energy r e l a x a t i o n  r e s u l t  i n  only a very small f r a c t i o n  of 
t h e  e l e c t r o n s  a t t a i n i n g  h igh  energies. For purposes  of i l l u s t r a t i o n ,  the 
s t eady  s ta te  electron energy d i s t r i b u t i o n  is calculated us ing  an ensemble many. 
particle Monte Carlo s imula t ion  (1 4,151 which inc ludes  the f u l l  de ta i l s  of the 
f i r s t  and second conduction bands i n  ZnSe de r ived  from an  empi r i ca l  pseudo- 
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p o t e n t i a l  c a l c u l a t i o n  [161 . The c a l c u l a t i o n  inc ludes  a f u l l  d e s c r i p t i o n  of 
the electron-phonon s c a t t e r i n g  processes  as treated us ing  c o l l i s i o n a l  
broadening 1171, as w e l l  as the impact i o n i z a t i o n  p rocess  us ing  t h e  Keldysh 
formxl3t ion 11 81 me c a l c u l a t i o n  assumes a " s o f t "  iirqact i o n i z a t i o n  
th re sho ld  based on t h e  assumption t h a t  t h e  i o n i z a t i o n  rate i n  ZnSe is  much 
less than  i n  a more narrow band gap semiconductor such as GaAs. A f u t u r e  
paper  w i l l  treat the  high energy t r a n s p o r t  properties of ZnSe and ZnS, s t eady  
state d r i f t  v e l o c i t i e s ,  and impact i o n i z a t i o n  rate i n  much closer d e t a i l .  
The d i s t r i b u t i o n  f u n c t i o n  a t  s e v e r a l  a p p l i e d  e lectr ic  f i e l d s ,  500.0, 
700.0, and 1000.0 kV/cm, is presented i n  Figure 1. As can be seen from 
Figure 1 ,  a t  each applied electric f i e l d ,  the h igh  energy t a i l  of the d i s t r i -  
bu t ion  is q u i t e  small. The p r o b a b i l i t y  of an e l e c t r o n  d r i f t i n g  t o  an energy 
a t  or above t h e  e x c i t a t i o n  energy, -2.3 e V  for  Mn c e n t e r s ,  is low even a t  
1000.0 kV/cm. I n  o rde r  t o  impact e x c i t e  a c e n t e r ,  an e l e c t r o n  must have an 
energy g r e a t e r  than o r  equa l  t o  t h e  e x c i t a t i o n  energy. A t  ene rg ie s  above 
2.7 e V ,  impact i o n i z a t i o n  competes with the impact e x c i t a t i o n  t o  cool t h e  
carrier d i s t r i b u t i o n .  
As mentioned above, the e f f i c i e n c y  ra t io  of i n p u t  power t o  ou tpu t  power 
( b r i g h t n e s s )  can best be improved through producing more high energy carriers 
w i t h i n  a narrow energy range near  the  e x c i t a t i o n  energy. An e f f i c i e n t  means 
of i n j e c t i n g  carriers a t  high energy is through use of a h e t e r o j u n c t i o n  [191. 
The i n j e c t i o n  energy is provided by t h e  p o t e n t i a l  energy o f f s e t ,  due t o  t h e  
conduction band edge d i s c o n t i n u i t y  between t w o  a d j a c e n t  semiconductor l aye r s .  
The r e a l i z a t i o n  of a h e t e r o j u n c t i o n  d i s c o n t i n u i t y  of -2.3 e V  a t  a ZnS or ZnSe 
i n t e r f a c e  is t o t a l l y  impractical s i n c e  t h e  band gaps of t h e s e  materials are 
extremely large.  Consequently, a novel means is necessary t o  provide high 
5 
energy i n j e c t i o n  of e l e c t r o n s  i n t o  e i ther  ZnS or ZnSe t o  promote impact 
e x c i t a t i o n  of t h e  luminescent centers .  W e  propose h e r e i n  a new s u p e r l a t t i c e  
i n j e c t i o n  scheme us ing  a v a r i a b l y  spaced s u p e r l a t t i c e  [201, which provides  
e f f i c i e n t  high energy i n j e c t i o n  of c a r r i e r s  i n  a sha rp  d i s t r i b u t i o n  cen te red  
around the impact e x c i t a t i o n  energy of the luminescent cen te r .  
2. Device Scheme and X o d e l  Descript ion 
As d i scussed  above, the most obvious means of h e a t i n g  the f r e e  carrier 
d i s t r i b u t i o n  i n  a semiconductor i s  through t h e  a p p l i c a t i o n  of an electric 
f i e l d .  Under s t eady  state cond i t ions ,  f i e l d  h e a t i n g  i s  balanced on average by 
competing phonon coo l ing  even t s  which determine t h e  average energy of t h e  
d i s t r i b u t i o n .  F l u c t u a t i o n s  from the average energy, a r i s i n g  from carriers 
gaining more energy from the f i e l d  than is l o s t  t o  t h e  phonons, occur ove r  
small l e n g t h s  of t i m e .  These carriers, which d e v i a t e  from t h e  average 
ensemble behavior,  c o n s t i t u t e  t h e  high energy t a i l  of t h e  d i s t r i b u t i o n  
f u n c t i o n  and produce impact e x c i t a t i o n  events.  I n  o rde r  t o  g r e a t l y  enhance 
t h e  number of carriers i n  t h e  high energy t a i l  of t h e  d i s t r i b u t i o n ,  a means of 
d e f e a t i n g  t h e  phonon coo l ing  process, even over  only a s h o r t  d i s t a n c e  or 
l eng th  of t i m e ,  is necessary. 
Three methods have r e c e n t l y  been d i s c l o s e d  which provide means of l o c a l l y  
h e a t i n g  t h e  e l e c t r o n  d i s t r i b u t i o n  funct ions w e l l  above t h e  quasi-steady s ta te  
average energy. Local e l e c t r o n  hea t ing  can be accomplished through use  of 
p o t e n t i a l  s tep d i s c o n t i n u i t i e s  as i n  multiquantum w e l l / s u p e r l a t t i c e  s t r u c t u r e s  
[21,221, by u s e  of a b u i l t - i n  electric f i e l d  a r i s i n g  from a f u l l y  d e p l e t e d  
p-i-n or p-n j u n c t i o n  i n  conjunct ion with a band edge d i s c o n t i n u i t y  [23-271, 
or by use of resonant  t unne l ing  i n  a s u p e r l a t t i c e  s t r u c t u r e  [20,281. In  a l l  
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of these s t r u c t u r e s ,  the e l e c t r o n  energy d i s t r i b u t i o n  func t ion  is g r e a t l y  
heated so as t o  e f f e c t  a l a r g e  enhancement i n  t h e  e l e c t r o n  impact i o n i z a t i o n  
rate, a threshold  process similar t o  the impact e x c i t a t i o n  process .  
Electroluminescent  devices  are unipolar .  Since no ho le s  are present i n  
the device ,  one is concerned only with engineer ing  the conduction band through 
the use of multiquantum w e l l s  and superlat t ice  schemes. The va r i ab ly  spaced 
s u p e r l a t t i c e  scheme [201 provides  a means of s e l e c t i v e l y  hea t ing  the  e l e c t r o n  
energy d i s t r i b u t i o n  through conduction band edge engineer ing.  F igu re  2 i l l u s -  
trates t h e  basic ope ra t ion  of t he  var iab ly  spaced s u p e r l a t t i c e .  The super-  
la t t ice  is designed such tha t  under reverse  bias the  l e v e l s  i n  each quantum 
w e l l  become resonan t ly  a l igned.  This provides  a r e sonan t  tunnel ing  channel  
through t h e  s u p e r l a t t i c e .  Owing t o  the  conduction band bending, due to  t h e  
app l i ed  electric f i e l d ,  t h e  e l ec t rons  a r e  then  i n j e c t e d  i n t o  the a c t i v e  
semiconductor l a y e r  (ZnSe doped with Mn c e n t e r s )  a t  extremely high ene rg ie s  
w i t h  respect t o  the conduction band minimum. I n  t h i s  way, the e l e c t r o n  energy 
d i s t r i b u t i o n  is locally hea ted  t o  an energy centered  on the  impact e x c i t a t i o n  
energy of the luminescent cen te r .  
The basic EL dev ice  scheme is composed of e i t h e r  one s t a g e  o r  s t a g e s  of 
u n i t  cells con ta in ing  a va r i ab ly  spaced s u p e r l a t t i c e  immediately followed by 
an a c t i v e  semiconductor layer .  The o v e r a l l  bias supp l i ed  must  be s u f f i c i e n t l y  
l a r g e  to  r e sonan t ly  a l i g n  each s u p e r l a t t i c e .  Any r e s i d u a l  bias is dropped 
ac ross  the semiconductor l a y e r s  producing an  electric f i e l d  wi th in  t h e  layers. 
The device  geometry, p o t e n t i a l  barrier widths  and h e i g h t s  and quantum 
w e l l  widths ,  is determined us ing  an exact  s o l u t i o n  of the s e q u e n t i a l  r e sonan t  
t unne l ing  problem i n  mul t i layered  s t r u c t u r e s  under b i a s  [28,291. The t r a n s -  
m i s s i v i t y  of t h e  s t r u c t u r e  is determined as a func t ion  of the i n c i d e n t  
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electron energy us ing  t h e  t r a n s f e r  matr ix  approach. The w e l l  and barrier 
widths are a d j u s t e d  such t h a t  under t h e  bias corresponding t o  t h e  d e s i r e d  
e l e c t r o n  i n j e c t i o n  energy, -2.5 e V  i n  the case of Mn c e n t e r s  i n  ZnSe, a 
r e sonan t  t unne l ing  channel occurs a t  low ene rg ie s .  m e r e f o r e ,  e l e c t r o n s  nea r  
the fermi energy i n  a metal con tac t  t o  t h e  l e f t  of t h e  s u p e r l a t t i c e  can 
r e sonan t ly  t u n n e l  through the s t r u c t u r e  and emerge a t  an energy -2.5 eV. 
3. Device Design and Performance 
The proposed dev ice  c o n s i s t s  of t w o  s e p a r a t e  regions,  a v a r i a b l y  spaced 
s u p e r l a t t i c e  made from ZnSe l a t t i ce  matched t o  t h e  C a S r F Z  t e r n a r y  compound, 
and a ZnSe:Mn a c t i v e  layer .  The va r i ab ly  spaced s u p e r l a t t i c e  provides  f o r  
high energy e l e c t r o n  i n j e c t i o n ,  -2.5 eV, i n t o  the active l a y e r  i n  which impact 
e x c i t a t i o n  of t h e  Mn luminescent cen te r s  can occur. The vo l t age  drop a c r o s s  
t h e  s u p e r l a t t i c e  t h e r e f o r e  must remain f i x e d  a t  -2.5 v o l t s .  However, the 
v o l t a g e  drop w i t h i n  the active l aye r  can be c o n t r o l l e d  by doping the ZnSe 
l a y e r  accordingly.  We p r e s e n t  below d i f f e r e n t  des igns  f o r  both regions,  t h e  
s u p e r l a t t i c e  and t h e  a c t i v e  region, and estimate t h e  r e l a t i v e  improvement i n  
luminescent e f f i c i e n c y  over  devices  using bulk 2nSe:Mn layers .  
The design of the s u p e r l a t t i c e  r eg ion  is obtained based on an e x a c t  
s o l u t i o n  of t h e  s e q u e n t i a l  resonant  tunnel ing problem under bias 1281. The 
device can only be designed by r ecu r s ive ly  c a l c u l a t i n g  the t r a n s m i s s i v i t y  
u n t i l  appa ren t  alignment of t h e  resonance peaks, corresponding t o  the  confined 
quantum states, occurs. The s e q u e n t i a l  t unne l ing  c a l c u l a t i o n  is necessary 
s i n c e  it i n c l u d e s  the e f f e c t s  of coupl ing between t h e  quantum states. 
Decoupled t r ea tmen t  of t h e  quantum w e l l s  i n c o r r e c t l y  p r e d i c t s  t h e  energy 
resonances. The energy of t he  resonance is most s e n s i t i v e  to  the  widths of 
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the i n d i v i d u a l  quantum w e l l s .  Increasing the w e l l  widths acts t o  lower the 
confined states energy l e v e l s ,  w h i l e  decreasing the widths raises t h e  energy 
l e v e l s .  Near r e sonan t  alignment of a t h r e e  w e l l ,  f o u r  barrier v a r i a b l y  spaced 
ZnSe/CaSrF2 s u p e r l a t t i c e  is p resen ted  i n  F igu re  3. I n  c a l c u l a t i n g  t h e  t r a n s -  
m i s s i v i t i e s ,  d i f f e r e n t  e l e c t r o n  e f f e c t i v e  masses have been assumed w i t h i n  t h e  
barriers and t h e  w e l l s ,  0.17 and 0.5, r e s p e c t i v e l y .  The e f f e c t i v e  mass i n  
CaSrPZ is  only a very rough approximation s i n c e  very l i t t l e  information is  
a v a i l a b l e  about  t h i s  compound. 
The e f f e c t  of the p o t e n t i a l  barrier h e i g h t s  on t h e  t r ansmiss ion  
c o e f f i c i e n t s  and resonances is presented i n  F igu re  4. The p o t e n t i a l  barrier 
h e i g h t s  are all taken t o  be 4.0 eV which r e s u l t s  i n  decreased coupl ing and 
t r a n s m i s s i v i t y .  I n  a d d i t i o n ,  t h e  l e v e l s  s h i f t  upwards i n  energy. This is as 
expected s i n c e  as t h e  depth of any quantum w e l l  i n c r e a s e s ,  t h e  energy l e v e l s  
a r i s i n g  from spat ia l  q u a n t i z a t i o n  e f f e c t s  w i t h i n  it inc rease .  
Decreased coupl ing and t r ansmiss iv i ty  also occurs i n  s t r u c t u r e s  i n  which 
t h e  barrier widths are increased. F igu re  5 i l l u s t r a t e s  the e f f e c t  on the 
t r a n s m i s s i v i t y  of inc reased  barrier widths. As is appa ren t  from a comparison 
of F igu res  3 and 5, the f i r s t  resonance d i sappea r s  e n t i r e l y .  It is important  
t o  rea l ize  tha t  i n c r e a s i n g  the b a r r i e r  widths a t  c o n s t a n t  bias acts to  reduce 
t h e  e f f e c t i v e  electric f i e l d  w i t h i n  the s t r u c t u r e .  A more a c c u r a t e  determi- 
n a t i o n  of t h e  i n f l u e n c e  of t h e  b a r r i e r  widths on the resonances can be 
a t t a i n e d  by a d j u s t i n g  t h e  bias such t h a t  t h e  f i e l d  remains c o n s t a n t  throughout 
t h e  superlattice. Figure 6 plots  the t r a n s m i s s i v i t y  as a f u n c t i o n  of i n c i d e n t  
carrier energy under c o n s t a n t  e l e c t r i c  f i e l d  f o r  a 25 A barrier width device.  
I n t e r e s t i n g l y ,  t h e  resonances are a l l  s p l i t  f u r t h e r  a p a r t  and are s h i f t e d  
upwards i n  energy than those  i n  Figure 3. 
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me three w e l l ,  f ou r  barrier device of F igure  3 requires extremely small 
quantum w e l l  widths,  as w e l l  as a very h igh  electric f i e l d .  In  genera l ,  t h i s  
scheme must be considered imprac t i ca l  from a materials growth p o i n t  of v i e w .  
A more p r a c t i c a l  device  s t r u c t u r e  can be r e a l i z e d  by a l i g n i n g  the  f i r s t  two 
n = 1 l e v e l s  w i t h  the n = 2 quantum l e v e l  i n  the th i rd  w e l l .  Such a s t r u c t u r e  
is p resen ted  i n  F igu re  7 .  This s t r u c t u r e  has  t h e  advantages of not  only less 
s t r i n g e n t  materials growth requirements b u t  a l s o  o p e r a t i n g  a t  a lower electric 
f i e l d .  
Another obvious way of reducing the  electric f i e l d  is t o  simply i n c r e a s e  
the  number of w e l l s  used i n  the device. F igure  8 shows a fou r  w e l l ,  f i v e  
barrier dev ice  des ign  which also provides 2.5 e V  i n j e c t i o n .  As i n  the case of 
t h e  t h r e e  w e l l  dev ice  of F igu re  3, the w e l l  dimensions cannot  be considered 
practical. Other  dev ice  des igns  of f o u r  or more w e l l s  us ing  h igher  order 
quantum l e v e l s  can c e r t a i n l y  be made. Unfortunately,  the design of t h e s e  
s t r u c t u r e s  is d i f f i c u l t  s i n c e  it requi res  repea ted  i t e r a t i v e  c a l c u l a t i o n s  of 
t h e  t r a n s m i s s i v i t i e s .  The procedure w e  have adopted is as follows. A t h r e e  
w e l l  s t r u c t u r e  i s  f i r s t  s t u d i e d  t o  i d e n t i f y  the na tu re  of each resonance, 
i .e . ,  which quantum l e v e l ,  n = l ,Z ' ,3 , . . . ,  i n  which quantum w e l l ,  f i r s t ,  
second, etc. I n  order t o  b r i n g  the l e v e l s  i n t o  al ignment ,  f i r s t  t he  w e l l  
widths  are va r i ed  accordingly.  If the Level must be lowered i n  energy, t h e  
corresponding well width is widened. Conversely,  i f  the l e v e l  must  be raised 
i n  energy, the corresponding w e l l  w i d t h  is decreased. The barrier widths and 
h e i g h t s  are adjusted i n  order t o  inc rease  the t ransmiss ion ,  smaller barrier 
h e i g h t s  and widths act t o  i n c r e a s e  the t r a n s m i s s i v i t y .  However, as seen from 
comparing Figures  3, 4, and 5, it is  apparent  t h a t  t h e  barriers a l s o  in f luence  
the ene rg ie s  of t h e  resonance. As pointed o u t  above, as t h e  barrier w i d t h  is  
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changed, the e f f e c t i v e  electric f i e l d  w i t h i n  the s t r u c t u r e  changes un le s s  the 
bias is a d j u s t e d  accordingly.  I n  the device a p p l i c a t i o n  of i n t e r e s t  here ,  t h e  
i n j e c t i o n  energy is a des ign  cons t r a in t .  Therefore ,  the o p e r a t i n g  bias is  n o t  
a f r e e l y  ad j u s t a b l e  parameter. Consequently, changes i n  t h e  barrier widths  
r e q u i r e  a d d i t i o n a l  changes i n  the w e l l w i d t h s .  The s t r o n g  i n t e r a c t i o n  amongst 
the quantum l e v e l s  then acts t o  g r e a t l y  complicate the a n a l y s i s  of the 
s t r u c t u r e .  F u r t h e r  work i s  underway t o  f i n d  a more e f f i c i e n t  means of 
p r e d i c t i n g  t h e  resonant  alignments as a func t ion  of t h e  w e l l  widths, barrier 
h e i g h t s ,  and barrier w i d t h s .  
It is important  t o  determine t h e  opt imal  electric f i e l d  w i t h i n  t h e  a c t i v e  
l a y e r  under which t h e  impact e x c i t a t i o n  of the luminescent c e n t e r s  w i l l  be 
most e f f e c t i v e .  As mentioned above, t h e  e f f e c t i v e  e lectr ic  f i e l d  w i t h i n  t h e  
a c t i v e  r eg ion  can be engineered by ad jus t ing  t h e  r e s i s t a n c e  through doping. 
The e l e c t r o n  energy d i s t r i b u t i o n  funct ion as a f u n c t i o n  of elapsed t r a v e l  t i m e  
has been c a l c u l a t e d  under the i n i t i a l  cond i t ion  of 2.5 e V  i n j e c t i o n  a t  va r ious  
a p p l i e d  electric f i e l d  s t r e n g t h s .  The c a l c u l a t i o n s  are made us ing  t h e  
ensemble Monte Carlo method described above. The e f f e c t  of t h e  electric f i e l d  
on the weighted d i s t r i b u t i o n  (includes the effect  of the d e n s i t y  of states) is 
p resen ted  i n  F igu res  9-14. Electric f i e l d  s t r e n g t h s  varying from 10 t o  
1000 kV/cm are considered. The necessary doping is e a s i l y  determined from the 
e f f e c t i v e  f i e l d  s t r e n g t h  as, 
where ‘P is t h e  electric f i e l d  i n  the a c t i v e  region,  2 is t h e  length Of the 
a c t i v e  region,  V i s  the t o t a l  e x t e r n a l  bias app l i ed ,  q is t h e  e l e c t r o n  charge, 
A is the c r o s s  s e c t i o n a l  area, and R1 is t h e  r e s i s t a n c e  of t he  SL (which is 
e a s i l y  c a l c u l a t e d  from t h e  p o t e n t i a l  drop of 2.5 v o l t s  d iv ided  by the c u r r e n t  
flow ob ta ined  from the t r a n s m i s s i v i t y  p l o t s  ) . 
As can be seen  from Figures 9 and 10, a t  l o w  f i e l d  s t r e n g t h  the  energy 
d i s t r i b u t i o n  r e l a x e s  q u i c k l y  t o  lower energies .  The "bunching up" of t h e  
d i s t r i b u t i o n  a t  1.50 e V  is due t o  t h e  r e l a t i v e l y  small i n t e r v a l l e y  s c a t t e r i n g  
rate between L and I'. Many of t h e  e l e c t r o n s  are scattered i n t o  the L v a l l e y  
fo l lowing  the h igh  energy i n j e c t i o n .  The f i e l d  h e a t i n g  is  i n s u f f i c i e n t  to  
maintain the high average energy of the d i s t r i b u t i o n .  Therefore,  s i n c e  the 
i n t e r v a l l e y  r e l a x a t i o n  rate back t o  gamma is n o t  very s t rong ,  owing t o  t h e  
small d e n s i t y  of states i n  gamma, the d i s t r i b u t i o n  tends to  c o l l a p s e  towards 
t h e  i n t e r v a l l e y  th re sho ld  energy, 1.50 e V .  Some of t h e  e l e c t r o n s  remain i n  
t h e  I' v a l l e y  a f te r  i n j e c t i o n  and thermalize through polar o p t i c a l  emission 
events.  These e l e c t r o n s  have a high ve loc i ty .  Consequently, the mean 
d i s t a n c e  t r a v e l e d  by t h e  e l e c t r o n s  is much f a r t h e r  than i f  a l l  of them are 
t r a n s f e r r e d  i n t o  t h e  s u b s i d i a r y  valleys. 
As the applied electric f i e l d  is increased,  t h e  d i s t r i b u t i o n  remains 
hotter over a longe r  du ra t ion ,  Figures 11-14. Many more carriers s t a y  
cen te red  abou t  t h e  e x c i t a t i o n  energy. It is expected then tha t  t h e  impact 
e x c i t a t i o n  ra te  w i l l  g r e a t l y  increase as t h e  number of i n c i d e n t  carriers 
cen te red  abou t  the c o l l i s i o n a l  e x c i t a t i o n  energy inc reases .  Table 1 shows t ? e  
percentage of t h e  e l e c t r o n s  w i t h i n  the c o l l i s i o n a l  e x c i t a t i o n  range, 2 . 5  t o  
2.1 e V ,  as a f u n c t i o n  of e lectr ic  f i e l d  and r e s u l t i n g  t o t a l  e x t e r n a l  bias 
(sum of t h e  vo l t age  drop w i t h i n  the a c t i v e  l a y e r  and across t h e  s u p e r l a t t i c e  
region) .  It i s  i n t e r e s t i n g  t o  note t h a t  as the f i e l d  i n c r e a s e s  above 
500 kV/cm, t h e  d i s t r i b u t i o n  is again g r e a t l y  cooled due t o  ex tens ive  impact 
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i o n i z a t i o n ,  even a f t e r  only 0.3 psec  of t r a v e l  t i m e .  There e x i s t s  a t r adeof f  
i n  the  value of t h e  electric f i e l d  within the a c t i v e  reg ion;  too  small a f i e l d  
r e s u l t s  i n  rapid coo l ing  of t he  d i s t r i b u t i o n ,  while  t oo  l a r g e  a f i e l d  r e s u l t s  
i n  ex tens ive  impact i o n i z a t i o n  and subsequent cool ing.  From examination of 
Table 1 and Figures  9-14, it appears  t h a t  the opt imal  electric f i e l d  wi th in  
the a c t i v e  region l ies  wi th in  the f i e l d  range of 100-500 kV/cm, 
The impor tan t  ques t ion  s t i l l  remains; how does t h e  proposed device  
compare t o  e x i s t i n g  DC E Z  devices  made from ZnSe:Mn? The c r i t i ca l  i s s u e ,  of 
course,  is the r e l a t i v e  e f f i c i e n c i e s  of the devices  which are best measured i n  
terms of t h e  r a t io  of the output  power ( b r i g h t n e s s )  versus  the  i n p u t  elec- 
t r i ca l  power (energy needed to  produce luminescence i n  t h e  device) .  Ohnishi 
e t  al .  191 have r e c e n t l y  repor ted  a h igh ly  e f f i c i e n t  b r i g h t  green DC EL 
d i s p l a y  us ing  ZnSe. Their opt imal  device requires a d r i v i n g  vol tage  of -60 
v o l t s .  According t o  our  p r o j e c t i o n s  in  Table 1, the d r i v i n g  vol tage  pe r  s t a g e  
necessary i n  t h e  SL device,  of 500 A width a c t i v e  l a y e r ,  is  roughly an order  
of magnitude less, 
U s e  of a much lower app l i ed  DC bias is  c r i t i ca l ,  no t  o n l y  from an  
e f f i c i e n c y  s t a n d p o i n t  b u t  also from a dev ice  l i f e t i m e  p o i n t  of view. DC EL 
devices  have long been known t o  s u f f e r  b r i g h t n e s s  d e t e r i o r a t i o n  under 
cont inuous ope ra t ion  [9l  . The d e t e r i o r a t i o n  r e s u l t s  mainly from the occur- 
rence of nonemissive po in t s .  The dark s p o t s  r e s u l t  from thermal  breakdown 
caused by extremely h igh  c u r r e n t  flow through a weak spot i n  the  a c t i v e  l a y e r  
[91. Therefore ,  if the  vol tage  drop is less throughout  t h e  a c t i v e  l aye r ,  less 
IR h e a t i n g  occurs  wi th in  weak spots thereby ex tending  the l i f e t i m e  of the 
device  e 
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The ou tpu t  b r igh tness  of the device i s  best  exper imenta l ly  measured. 
Experimental  work is  p r e s e n t l y  underway t o  f i r s t  grow and measure the proposed 
device.  I n  t h e  absence of experimental  measurements, the r e l a t i v e  e f f i c i e n c y  
of the proposed device  t o  s t anda rd  devices us ing  bulk ZnSe:Mn serves as the 
best performance measure of t he  proposed s t r u c t u r e .  There a r e  t w o  ways of 
c a l c u l a t i n g  t h e  impact e x c i t a t i o n  frequency wi th in  the device  s t r u c t u r e .  From 
use  of the Monte Carlo method and knowledge of t he  c o l l i s i o n a l  c r o s s  section 
as a func t ion  of i n c i d e n t  e l e c t r o n  energy, t h e  impact e x c i t a t i o n  r a t e  can be 
determined similar t o  t h e  approach used f o r  impact i o n i z a t i o n  [141.  This 
approach relies e n t i r e l y  upon the accuracy wi th  which the  c o l l i s i o n a l  proba- 
b i l i t y  can  be assessed. I n  p r inc ip l e ,  the c o l l i s i o n a l  p r o b a b i l i t y  can be 
determined from a c a l c u l a t i o n  of t h e  quantum mechanical mat r ix  element a s  has  
been done f o r  t h e  impact i on iza t ion  process  [30-311. The c o l l i s i o n a l  
e x c i t a t i o n  case though is  radically d i f f e r e n t  from t h e  impact i o n i z a t i o n  
v process  i n  t h a t  t h e  t r a n s i t i o n  occurs only over  a r e l a t i v e l y  sha rp  energy 
range, that corresponding t o  the  o p t i c a l  t r a n s i t i o n  i n  the Mn atom. A f u t u r e  
work w i l l  address this problem more f u l l y .  A l t e r n a t i v e l y ,  t h e  e x c i t a t i o n  
frequency can be estimated from t h e  following 
where f (v ,O,+)  is t h e  d i s t r i b u t i o n  func t ion ,  v is t h e  average e l e c t r o n  
v e l o c i t y ,  N is the number of target c e n t e r s ,  and  a ( 9 , 9 ' )  is the  col l is ional  
cross s e c t i o n  as a func t ion  of angle. If w e  assume a 1% Mn concen t r a t ion  
(1% has been shown experimental ly  t o  g ive  t h e  maximum br igh tness  ( 2 1 )  and a 
s a t u r a t i o n  v e l o c i t y  of -1  .O x 10' cm/sec, equat ion  ( 2 )  becomes, 
1 4  
F i n a l l y ,  if both € ( v , 9 , + )  and a ( 9 , 8 ' )  are taken t o  be i s o t r o p i c ,  t h e  iEpact 
e x c i t a t i o n  frequency becomes, 
12 - 
1/7 - 5 . 0  x 10 f 1 /sec ( 4 )  
where is the average normalized d i s t r i b u t i o n  func t ion  cen te red  abou t  t h e  
e x c i t a t i o n  energy, 2.5 t o  2.1 e V .  Since w e  only need compare between devices ,  
t h e  a c t u a l  number of carriers does not e n t e r  i n t o  t h e  c a l c u l a t i o n .  All t h a t  
is important  is  the r e l a t i v e  number of e l e c t r o n s  capable of impact e x c i t i n g  
t h e  luminescent cen te r s .  From Figure 1,  f can be estimated i n  ZnSe a t  s t e a d y  
sta te  c o n d i t i o n s  under an app l i ed  f i e l d  of I000 kV/cm t o  be ( take the area 
under t h e  curve between 2.5 and 2.1 e V ) ,  0.045 o r  4.5%. From Table  1,  a t  
300 kV/cm, t h e  values  of a t  0.1, 0.2, and 0.3 psec of t r a v e l  t i m e  are 71.2%, 
29.4%, and 19.0%. Clea r ly ,  t h e  proposed device d rama t i ca l ly  i n c r e a s e s  the 
number of e x c i t a t i o n  even t s  over  those dev ices  us ing  high electric f i e l d  
- 
e x c i t a t i o n  w i t h i n  bulk ZnSe. 
The t o t a l  number of e x c i t a t i o n  even t s ,  of course,  depends upon t h e  
i n t e g r a t e d  p r o b a b i l i t y ,  averaging of the  d i s t r i b u t i o n  over  the f u l l  t r a n s i t  
d i s t a n c e  of the a c t i v e  layer .  This cannot be r e a d i l y  performed c o r r e c t l y ,  
since a f t e r  an e x c i t a t i o n  even t  occurs t h e  i n c i d e n t  e l e c t r o n  no longer  i s  
a v a i l a b l e  t o  e x c i t e  ano the r  c e n t e r ,  which is no t  taken i n t o  account i n  t h e  
above. C l e a r l y ,  t h e  Monte Carlo procedure d i scussed  above is the best means 
of e s t i m a t i n g  t h e  e x c i t a t i o n  frequency. Nevertheless ,  the above g r a p h i c a l l y  
i l l u s t r a t e s  t h e  importance of t h e  va r i ab ly  spaced superlat t ice  device.  
1s 
4. Conclusions 
. .  W e  have p resen ted  a new EL device which provides  f o r  e f f i c i e n t ,  high 
energy i n j e c t i o n  of e l e c t r o n s  i n t o  an a c t i v e  l a y e r  ( r eg ion  doped with 
luminescent c e n t e r s  1 through the use of a v a r i a b l y  spaced s u p e r l a t t i c e .  
The dev ice  i s  p r e d i c t e d  t o  o p e r a t e  a t  an a p p l i e d  e x t e r n a l  bias an o rde r  of 
magnitude less than the best EL dev ice  t o  date. The improved e f f i c i e n c y  stems 
from t h e  fact  t h a t  the e l e c t r o n  d i s t r i b u t i o n  i s  heated by s e q u e n t i a l  r e sonan t  
t unne l ing  through a mul t i l aye r  ZnSe/CaSrF2 stack. The e l e c t r o n s  emerge from 
the s u p e r l a t t i c e  a t  an energy equa l  to  t h e  band bending of t h e  conduction 
band. Due t o  the quant ized energy l e v e l s  w i t h i n  the s u p e r l a t t i c e ,  the v a s t  
ma jo r i ty  of carriers t r a n s i t  t h e  s t r u c t u r e  wi thou t  s u f f e r i n g  s i g n i f i c a n t  
phonon cooling. I n  c o n t r a s t ,  e x i s t i n g  DC EL dev ices  r e q u i r e  extremely high 
a p p l i e d  biases t o  h e a t  s u f f i c i e n t  c a r r i e r s  t o  the e x c i t a t i o n  energy s i n c e  
competing phonon coo l ing  e v e n t s  occur. The proposed s u p e r l a t t i c e  device 
d e f e a t s  phonon coo l ing  i n  h e a t i n g  t h e  d i s t r i b u t i o n .  
The device des ign  can be s p l i t  i n t o  t w o  s e p a r a t e  i s s u e s ,  the design of 
the superlattice and t h e  active layer .  U s e  of h ighe r  quantum l e v e l s ,  n = 213, 
etc., is necessary i n  order t o  design a m u l t i l a y e r  s t a c k  capable of being 
r e a l i z e d  experimental ly .  I n  add i t ion ,  m u l t i p l e  w e l l  designs,  f o u r  or more 
w e l l s ,  can be used. 
The improvement i n  the e x c i t a t i o n  frequency over  that  i n  s tandard DC 
devices  has  been demonstrated. It is expected tha t  t h e  b r igh tness  l e v e l s  w i l l  
be comparable (most DC devices  s a t u r a t e  i n  b r i g h t n e s s  as the number of i n c i -  
d e n t  e l e c t r o n s  of s u f f i c i e n t  energy becomes equa l  t o  the number of luminescent 
c e n t e r s )  i n  t h e  proposed device,  b u t  a t  much lower bias requirements. 
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Figure Captions 
Figure  1: Calcu la t ed  e l e c t r o n  energy d i s t r i b u t i o n  func t ion  i n  bulk ZnSe a t  
t h r e e  d i f f e r e n t  electric f i e l d  s t r e n g t h s ,  500, 700, and 1000 k V / c m  
r e s p e c t i v e l y .  The d i s t r i b u t i o n  func t ion  is  weighted by the 
d e n s i t y  of s ta tes  function. 
Figure 2: Schematic r e p r e s e n t a t i o n  of the v a r i a b l y  spaced s u p e r l a t t i c e  
scheme. a )  Device geometry; b )  z e r o  bias; c )  a p p l i e d  bias,  
e V  - El. 
Figure 3: Logarithm of the t r a n s m i s s i v i t y  as a func t ion  of t h e  i n c i d e n t  
e l e c t r o n  energy for a three w e l l ,  f o u r  barrier ZnSe/CaSrF2 v a r i -  
a b l y  spaced s u p e r l a t t i c e .  The resonances corresponding to  t h e  
confined quantum s ta tes  i n  the w e l l s  are r e sonan t ly  a l igned  a t  low 
energy providing a tunneling channel  f o r  high energy i n j e c t i o n .  
F igu re  4: Logarithm of the t r a n s m i s s i v i t y  as a func t ion  of t he  i n c i d e n t  
e l e c t r o n  energy f o r  a three w e l l ,  f o u r  barrier ZnSe/CaSrFZ v a r i -  
a b l y  spaced s u p e r l a t t i c e  as desc r ibed  i n  the drawing. Note t h a t  
i n  this case, a l l  of the barrier h e i g h t s  are 4.0 e V  as compared t o  
those i n  Figure 3. Physically,  t h e  w e l l s  become less coupled, the 
t r a n s m i s s i v i t y  decreases ( s t r u c t u r e  becomes more opaque) and the 
resonances occur a t  higher e n e r g i e s  i n  accordance v i th  the 
behavior  of confined s t a t e s  i n  quantum w e l l s .  
F igu re  5: Logarithm of t h e  t r ansmiss iv i ty  as a func t ion  of t h e  i n c i d e n t  
e l e c t r o n  energy f o r  the three w e l l  s t r u c t u r e  p re sen ted  i n  
F i g u r e  3, b u t  w i t h  25 A barrier widths.  Again, n o t i c e  t h a t  the 
coupl ing between the  resonances is reduced, as witnessed by the 
sp read ing  of t h e  resonance peaks. The f i r s t  resonance d i sappea r s  
e n t i r e l y  . 
l a  
Figure 6 :  Logarithm of the t r a n s m i s s i v i t y  as a f u n c t i o n  of the i n c i d e n t  
e l e c t r o n  energy f o r  the t h r e e  w e l l  s t r u c t u r e  considered i n  
F igu re  5. I n  t h i s  case,  t h e  bias is a d j u s t e d  such t h a t  the 
e f f e c t i v e  electric f i e l d  is i d e n t i c a l  to  t h a t  of t h e  device i n  
Figure 3. I t  is apparent t h a t  widening the barriers r e s u l t s  i n  
e x t e n s i v e  decoupling of the resonances. 
Figure 7 :  Logarithm of the t r a n s m i s s i v i t y  as a f u n c t i o n  of the i n c i d e n t  
e l e c t r o n  energy for. a three w e l l ,  f ou r  barrier s t r u c t u r e  using the 
n = 2 quantum l e v e l  i n  the  t h i r d  w e l l .  The d i s t i n c t  advantage of 
t h i s  des ign  is t h e  relaxed c o n s t r a i n t s  on t h e  materials growth 
technology i n  a d d i t i o n  t o  lower f i e l d  operat ion.  
F igu re  8: Logarithm of t h e  t r ansmiss iv i ty  as a f u n c t i o n  of t h e  i n c i d e n t  
e l e c t r o n  energy f o r  a f o u r  w e l l ,  f i v e  barrier ZnSe/CaSrF2 
s t r u c t u r e .  The i n t e r a c t i o n  between the resonances is such that 
closer resonant  alignment i s  n o t  poss ib l e .  The p a r t i c u l a r  
advantage of this s t r u c t u r e  is  t h a t  a much lower electric f i e l d  is 
r e q u i r e d  for 2.5 e V  i n j e c t i o n  than i n  t h e  three w e l l  s t r u c t u r e .  
Twenty angstrom (20 A )  width barriers are chosen t o  reduce t h e  
coupl ing and, hence, repuls ion between the l e v e l s .  
Ca lcu la t ed  e l e c t r o n  energy d i s t r i b u t i o n  f u n c t i o n  i n  ZnSe fol lowing 
2.5 e V  i n j e c t i o n  a t  a f ie ld  s t r e n g t h  of 10 kV/cm. 
Ca lcu la t ed  e l e c t r o n  energy d i s t r i b u t i o n  f u n c t i o n  i n  ZnSe fol lowing 
2.5 e V  i n j e c t i o n  a t  a f ie ld  s t r e n g t h  of 30 kV/cm. 
Ca lcu la t ed  e l e c t r o n  energy d i s t r i b u t i o n  f u n c t i o n  i n  ZnSe fol lowing 
2.5 e V  i n j e c t i o n  a t  a f i e l d  s t r e n g t h  of 100 kV/cm. 
F igu re  9: 
F igu re  10: 
F igu re  11 : 
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Figure 12: Calcu la t ed  e l e c t r o n  energy d i s t r i b u t i o n  func t ion  i n  ZnSe fol lowing 
2.5 e V  i n j e c t i o n  a t  a f i e l d  s t r e n g t h  of 300 kV/cm. 
Figure 13: Calcu la t ed  e l e c t r o n  energy d i s t r i b u t i o n  func t ion  i n  ZnSe fol lowing 
2.5 e V  i n j e c t i o n  a t  a f i e l d  s t r e n g t h  of 500 kV/cm. 
F i g u r e  14: Calcu la t ed  e l e c t r o n  energy d i s t r i b u t i o n  f u n c t i o n  i n  ZnSe fol lowing 
2.5 e V  i n j e c t i o n  a t  a f i e l d  s t r e n g t h  of 1000 kV/cm. 
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Table 1 
Comparative Device Efficiencies as a Function of Applied F i e l d  
for a 500 A Wide A c t i v e  Layer Width 
% Carriers Within 
Elapsed Time (psec) Mean Distance ( A )  2.5 t o  2.1 eV 
(1) F = 10 kV/cm; Total Bias = 2.55 volts 
0.1 
0.2 
0.3 
0.4 
0.5 
steady s ta te  
108.5 
244.0 
343 . 0 
461 .O 
168.0 
71 - 9  
22.4 
8.4 
4.7 
3.2 
0.0 
( 2 )  F = 30 kV/cm; Total Bias = 2.65 v o l t s  
0.1 
0.2 
0.3 
0.4 
0.5 
steady s ta te  
140.0 
258.0 
366.0 
185.0 
450.0 -_- 
73.3 
24.7 
26.2 
5.7 
3.0 
0.0 
( 3 )  F = 100 kV/cm; Total Bias = 3.0 v o l t s  
0.1 
0.2 
0.3 
0.4 
0.5 
steady sta te  
74.0 
121 .o 
178.0 
270.0 
353.0 
79.3 
30.0 
12.0 
6.8 
3.9 
0.0 
( 4 )  F = 300 kV/cm; Total Bias = 4.0 v o l t s  
0.1 
0.2 
0.4 
0.5 
steady s ta te  
*o. 3 
84.0 
135.0 
188.0 
250.0 
302.0 --_ . 
71 .2 
29.4 
19.0 
11 .9 
8.1 
0.3 
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Table 1 (Continued) 
% Carriers Within 
Elapsed Time (psec) Mean Distance ( A )  2.5 t o  2.1 e V  
( 5 )  F = 500 kV/cm; Total Bias = 5.0 vol ts  
0.1 
0.2 
0.3 
0.4 
0.5 
steady state 
66.2 
130.0 
186.0 
264.0 
323.0 
64.6 
45.0 
26.0 
19.0 
14.6 
2.5 
( 6 )  P = 1000 kV/cm; Total Bias = 7.5 vol ts  
0.1 
0.2 
0.3 
0.4 
0.5 
steady s t a t e  
80.0 
144.0 
197.0 
302.0 
256.0 
--- 
25.5 
17.3 
13.1 
12.8 
11.5 
4.5 
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2. Heteroepi taxial  Growth of ZnS by MBE 
I n  t h e  i n i t i a l  p h a s e  o f  r e s e a r c h  on h e t e r o e p i t a x i a l  ZnS f i l m s ,  
d i f f e r e n t  growth cond i t ions  were inves t iga t ed  t o  determine those optimum 
f o r  ZnS g r o w t h  on G a A s  o r  S i  s u b s t r a t e s .  The f i r s t  g o a l  was t o  o b t a i n  
e p i t a x i a l  f i l m s  of  u n i f o r m  t h i c k n e s s  and good s u r f a c e  morphology. The 
l a y e r s  were s tud ied  p r i n c i p a l l y  by in-s i tu  Ref l ec t ion  High Energy Electron 
D i f f r a c t i o n  (RHEED) i n  o r d e r  t o  u n d e r s t a n d  t h e  r e l a t i o n s h i p  be tween 
e p i t a x i a l  f i l m  nuc lea t ion  condi t ions and s u r f a c e  s t r u c t u r e .  Phase-contrast  
microscopy was used t o  determine surface roughness and s t e p  p ro f i lome t ry  t o  
measure f i l m  thickness .  
The f i r s t  choice of s u b s t r a t e s  f o r  t h e  h e t e r o e p i t a x i a l  growth of ZnS 
were (100)-oriented GaAs. GaAs was chosen because of previous experience 
a t  Georgia Tech w i t h  t h e  growth of o t h e r  1 1 - V I  compounds such as CdTe and 
ZnTe on t h i s  subs t r a t e .  The growth of e p i t a x i a l  ZnS on GaAs s u b s t r a t e s  has 
been  d e m o n s t r a t e d  u s i n g  b o t h  MBE and O r g a n o m e t a l l i c  Vapor Phase  E p i t a x y  
(OMVPE)1'3, a l t h o u g h  l i t t l e  f i l m  c h a r a c t e r i z a t i o n  was r e p o r t e d  and no 
r e s u l t s  on Mn doping were presented. 
2.1 Growth of ZnS on GaAs Substrates  
Ten runs  were made on (100bor i en ted  G a A s ,  w i t h  t h e  growth cond i t ions  
and f i l m  r e s u l t s  summarized i n  Table 1. Runs #3-7 were performed i n  a MBE 
s y s t e m  d e s i g n e d  and  b u i l t  a t  G T R I ,  and r u n s  P8-10 i n  a c o m m e r c i a l  V a r i a n  
MBE/Gen I1 system. The homemade MBE i s  equipped w i t h  separately-pumped 
load-lock, i s o l a t i o n  chamber and growth chamber. Vacuum cond i t ions  be fo re  
and during growth were recorded by a Quadrapole Mass Spectrometer (QMS). 
Wi th  t h e  s o u r c e  f u r n a c e s  a t  t h e i r  o p e r a t i n g  t e m p e r a t u r e s  and t h e  LN2- 
s h r o u d s  c o o l e d  t h e  b a s e  p r e s s u r e  was a t  t h e  X-Ray l i m i t  of t h e  Bayard- 
A lpe r t  gauge, 1 ~ 1 0 ' ~ t o r r .  QMS indicated t h e  r e s i d u a l  gases were composed 
m o s t l y  of  H2 and CO w i t h  n e g l i g i b l e  amounts  of H2O and hydrocarbons .  A 
t y p i c a l  QMS spectrum i s  shown i n  Fig.  1. 
A f t e r  c h e m i c a l  p r e p a r a t i o n  and l o a d i n g ,  t h e  G a A s  s u b s t r a t e s  w e r e  
t r a n s f e r r e d  t o  t h e  i s o l a t i o n  chamber u n t i l  needed f o r  growth .  B e f o r e  a 
growth run, t h e  s u b s t r a t e s  were placed i n  t h e  growth chamber and outgassed 
o v e r n i g h t  a t  a t e m p e r a t u r e  of  25O0C-4OO0C t o  remove low vapor  p r e s s u r e  
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contaminants and a l low t h e  vacuum condi t ions t o  s t a b i l i z e  be fo re  epitaxy. 
P o l y c r y s t a l l i n e  ZnS chunks f rom Raytheon and CVD,  I nc .  were  used  i n  a 
s i n g l e  g r a p h i t e  furnace t o  produce molecular beams of Zn and S2. 
Growth runs #3-6 yielded poor f i l m s  o r  no f i l m s  a t  a l l .  The r e s u l t s  
stemmed f rom two p o s s i b l e  c a u s e s .  F i r s t ,  t h e  beam-equivalent pressures  
(BEP) of  Zn and S2 were too  small t o  n u c l e a t e  a f i l m  due t o  evaporation of 
t h e  Zn and/or S2 atoms from t h e  subs t r a t e .  Th i s  e f f e c t  i s  s u b s t a n t i a t e d  by 
t h e  experimental ly  observed small s t i c k i n g  c o e f f i c i e n t s  of Zn and Sp on t h e  
G a A s  surface4. Secondly, our chemical c leaning and mounting procedure f o r  
t h e s e  f o u r  G a A s  s u b s t r a t e s  d i d  n o t  produce  a s u f f i c i e n t l y  t h i c k  s u r f a c e  
o x i d e  t o  p r e v e n t  s u r f a c e  d e g r a d a t i o n  (i.e. Arsenic loss) during s u b s t r a t e  
o u t g a s s i n g .  Also, i t  i s  p o s s i b l e  t h a t  t h e  o x i d e  on t h e  GaAs was n o t  
c o m p l e t e l y  d e s o r b e d  b e f o r e  growth. T h e r e f o r e ,  f o r  t h e  n e x t  s e t  of  
s u b s t r a t e s  a n  improved w e t  c h e m i c a l  c l e a n i n g  p r o c e d u r e  was used.  These 
s u b s t r a t e s  were a l s o  air-baked a t  300% i n  dust-free cond i t ions  t o  form a 
uniform, p r o t e c t i v e  s u r f a c e  oxide layer. The f i r s t  growth run using these  
s u b s t r a t e s ,  # 7 ,  w a s  q u i t e  encouraging .  The oxide desorpt ion temperature  
was a c c u r a t e l y  d e t e r m i n e d  u s i n g  t h e  RHEED p a t t e r n  as  69OoC, as  shown i n  
F ig .  2. Although 
t h e  p a t t e r n  i s  s p o t t y  and i n d i c a t e s  three-dimensional growth and su r face  
r o u g h n e s s  on a sub-micron s c a l e ,  no e x t r a  d i f f r a c t i o n  s p o t s  due t o  f i l m  
twinning are  v i s i b l e .  Also, Kikuchi band formation was observed toward t h e  
end of  f i l m  g r o w t h  i n d i c a t i n g  improving  c r y s t a l l i n e  q u a l i t y .  Phase-  
c o n t r a s t  m i c r o s c o p y  showed a smooth,  f e a t u r e l e s s  s u r f a c e  a t  lOOOx 
magn i f i ca t ion  f o r  Run #7. 
A RHEED p a t t e r n  o f  t h e  growing  f i l m  i s  shown i n  F ig .  3. 
The next  ZnS growth runs,  Y8-10, on (lOO)-oriented G a A s  were performed 
i n  a Varian MBE/Gen I1 dedicated t o  1 1 - V I  m a t e r i a l s .  A PBN c r u c i b l e  loaded 
w i t h  CVD, I n c .  ZnS was used  t o  produce t h e  m o l e c u l a r  beams of Zn and S2. 
S u b s t r a t e s  were chemical ly  cleaned using the  procedure of Growth Run #7 and 
p l a c e d  i n  t h e  l o a d  l o c k  w h e r e  t h e y  w e r e  o u t g a s s e d  a t  4000C f o r  
approximately 4 h r s  a t  10-6 t o r r .  After cool ing the  m2-shrouds and b r i n g  
t h e  ZnS oven t o  i t s  depos i t i on  temperature,  t h e  G a A s  s u b s t r a t e s  were loaded 
i n t o  t h e  g r o w t h  chamber and h e a t e d  t o  5OOOC t o  f u r t h e r  o u t g a s  t h e  
subs t r a t e .  During t h i s  s t e p  t h e  s u b s t r a t e  w a s  turned away from the  source 
f l a n g e  t o  minimize contamination of t he  growth pos i t i on .  
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A f t e r  observing t h e  oxide desorption from t h e  G a A s  s u r f a c e  w i t h  RHEED, 
t h e  s h u t t e r  t o  t h e  ZnS f u r n a c e  was opened t o  a l l o w  a Zn and S2 f l u x  t o  be  
i n c i d e n t  on t h e  G a A s  s u r f a c e  w h i l e  a t  t h e  o x i d e  d e s o r p t i o n  t e m p e r a t u r e .  
P r e v i o u s  ZnS/GaAs r u n s  d i d  n o t  have Zn and S2 f l u x e s  i n c i d e n t  O n  t h e  G a A s  
u n t i l  t h e  s u b s t r a t e  temperature had dropped by approximately 3OOOC. The 
R U E D  p a t t e r n  a f t e r  oxide desorpt ion showed a Ga-rich surface.  With Zn and 
s2 f l u x e s  inc iden t ,  t h e  G a A s  surface smooths and r e c o n s t r u c t s  as shown i n  
Fig. 4. The change i n  the  su r face  r econs t ruc t ion  i s  hypothesized t o  r e s u l t  
f r o m  t h e  f o r m a t i o n  o f  a s u r f a c e  GaAs:S l a y e r ,  i n  a n a l o g y  t o  s i m i l a r  
r e a c t i o n  o b s e r v e d  b e t w e e n  t h e  GaAs s u r f a c e  and e l e m e n t a l  Se and T e  5-7 
T h e r e  i s  a p o s s i b i l i t y  t h a t  th rough c o n t r o l  of  t h e  c o m p o s i t i o n  o f  t h i s  
s u r f a c e  l a y e r ,  improved l a t t i c e  matching  o r  d e c r e a s e d  e p i t a x i a l  l a y e r  
s t r a i n  may b e  a c h i e v e d .  R e s e a r c h  i s  underway t o  b e t t e r  u n d e r s t a n d  t h i s  
s u r f a c e  l a y e r  and o p t i m i z e  i t  f o r  improved e p i t a x i a l  l a y e r  q u a l i t y .  I t  
should be noted however, t h a t  a t  t h i s  h igh s u b s t r a t e  temperature  no f i l m  
grows on t h e  G a A s  surface.  
A s  t h e  s u b s t r a t e  t e m p e r a t u r e  was l o w e r e d  f r o m  t h e  o x i d e  d e s o r p t i o n  
t e m p e r a t u r e  u n d e r  t h e  Zn and S2 f l u x e s ,  t h e  r e c o n s t r u c t i o n  of F i g .  4 was 
l o s t ,  a l though t h e  m E D  p a t t e r n  remained streaky. For f u r t h e r  decrease i n  
s u b s t r a t e  temperature,  t h e  W E D  p a t t e r n  becomes s p o t t y  as shown i n  Fig. 5. 
This change was a t t r i b u t e d  t o  t h e  beginning of ZnS growth, although no f i l m  
was o b s e r v e d  u n t i l  t h e  s u b s t r a t e  t e m p e r a t u r e  dropped  a n o t h e r  200°C t o  
250°C-1850C. A t  t h i s  temperature  a uniform, colored f i l m  w a s  v i s i b l e  on 
t h e  subs t r a t e .  With continued growth t h e r e  i s  a d r a s t i c  improvement i n  t h e  
WEED p a t t e r n ,  w i t h  2-fold r econs t ruc t ion  and b r i g h t  Kikuchi band formation 
a s  shown i n  F ig .  6 .  A n a l y s i s  o f  t h e  RHEED p a t t e r n s  shows t h a t  t h e  ZnS 
l a y e r  grows w i t h  a (100)  s u r f a c e  o r i e n t a t i o n  a l i g n e d  w i t h  t h e  (100)-  
o r i e n t e d  GaAs subs t r a t e .  Examination of t hese  e p i t a x i a l  l a y e r s  w i t h  phase- 
c o n t r a s t  microscopy showed a smooth s u r f a c e  except f o r  small d e f e c t s  due t o  
p a x t i c u l a t e  c o n t a m i n a t i o n  on t h e  s u r f a c e .  However, SEM imaging  o f  t h e  
s u r f a c e  a t  a glancing angle  revealed a s l i g h t  s u r f a c e  t e x t u r e  not  revealed 
by p h a s e - c o n t r a s t  m i c r o s c o p y .  P h a s e - c o n t r a s t  m i c r o s c o p y  a n d  S E M  
photographs of t h e  ZnS/GaAs (100) Growth Run V8 s u r f a c e  are shown i n  Figs. 
7 and 8, r e spec t ive ly .  
The W E D  p a t t e r n s  and surface morphology r e s u l t s  f o r  growth runs 
V8-10 were t h e  b e s t  f o r  any l a y e r  grown on e i t h e r  G a A s  o r  S i  s u b s t r a t e s .  
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I n  f a c t ,  a c o m p a r i s o n  of  RHEED p a t t e r n s  f o r  h e t e r o e p i t a x i a l  ZnS f rom t h e  
l i t e r a t u r e  and from runs #8-10 shows t h e  l a t t e r  t o  be f a r  supe r io r  i n  t e r m s  
of i n t e n s i t y  and un i fo rmi ty  of t h e  s t r eaked  p a t t e r n  and t h e  b r igh tness  of 
t h e  K i k u c h i  bands1s8-13. P r e s e n t l y  a s e t  of  g r o w t h  r u n s  i s  under  way t o  
op t imize  ZnS q u a l i t y  as a s ses sed  by double c r y s t a l  rocking curves (DCRC). 
Through DCRC t h e  c o n c e n t r a t i o n  of p o i n t  d e f e c t s ,  d i s l o c a t i o n s  and t h e  
e p i t a x i a l  l a y e r  s t r a i n  can  be  d e t e r m i n e d  and  m i n i m i z e d  t o  g i v e  l a y e r s  
capable  of high luminescence i n t e n s i t y  when doped wi th  Mn. 
2.2 Growth of ZnS on S i  S u b s t r a t e s  
The o t h e r  c h o i c e  of  s u b s t r a t e  f o r  h e t e r o e p i t a x i a l g r o w t h  of  ZnS was 
Si. The p r i n c i p a l  problem associated w i t h  t h e  use  of G a A s  a s  a s u b s t r a t e  
f o r  ZnS e p i t a x i a l  growth i s  t h e  l a rge  l a t t i ce  mismatch between ZnS and GaAs 
( approx .  3.7%) which  can  p r o d u c e s  a h i g h  d e n s i t y  of  m i s f i t  and t h r e a d i n g  
d i s l o c a t i o n s  i n  t h e  ZnS e p i t a x i a l  l ayer .  P r o b l e m s  a l s o  e x i s t  b e c a u s e  of  
t h e  o u t d i f f u s i o n  of Ga and As i n t o  t h e  ZnS layer,  r e s u l t i n g  i n  compensating 
doping of t h e  f i lm .  This e f f e c t  i s  observed i n  h e t e r o e p i t a x i a l  ZnSe l a y e r s  
on G a A s  1 4 3 1 5 .  I n  c o n t r a s t ,  S i  and ZnS a r e  l a t t i c e - m a t c h  t o  b e t t e r  t h a n  
0.2% a t  room t e m p e r a t u r e ,  and S i  d i f f u s i o n  i n t o  t h e  ZnS l a y e r  f rom t h e  S i  
s u b s t r a t e  should be n e g l i g i b l e  due t o  b e t t e r  l a t t i c e  matching and t h e  lower 
r e a c t i v i t y  o f  S i .  O t h e r  a d v a n t a g e s  o f  S i  s u b s t r a t e s  a r e  t h e i r  h i g h  
c r y s t a l l i n e  q u a l i t y ,  s u p e r i o r  s u r f a c e  f i n i s h ,  m e c h a n i c a l  s t r e n g t h  and 
a v a i l a b i l i t y  i n  l a r g e  s u r f a c e  areas a t  comparat ively low cost .  From a more 
device-oriented comparison, S i  i s  an i d e a l  s u b s t r a t e  f o r  performing t h e  x-y 
b i a s i n g  and l o g i c  addressing i n  a composite ZnS/Si EL d i s p l a y  panel. 
The major d i f f i c u l t y  a s soc ia t ed  w i t h  h e t e r o e p i t a x i a l  o r  homoepitaxial  
l a y e r s  on S i  was a t t r i b u t e d  t o  t h e  s u r f a c e  p repa ra t ion  3,11316. I d e a l l y ,  
t h e  S i  su r f ace  must have a t h i n ,  porous, chemical ly  grown s u r f a c e  oxide t o  
p r o t e c t  i t  from atmospheric carbon contaminat ion (which i n h i b i t s  e p i t a x i a l  
nuc lea t ion ) ,  but  which can be desorbed a t  temperatures  less than 900°C t o  
avoid the rma l  d e f e c t  formation. Recently, Ishizaka,  e t  a1.16 published a 
chemical t r ea tmen t  used f o r  t h e  e p i t a x i a l  growth of  both GaAs and S i  on S i  
s u b s t r a t e s .  T h i s  c l e a n i n g  procedure  i s  g i v e n  i n  T a b l e  2 and p r o d u c e s  a 
r e p r o d u c i b l e  s u r f a c e  ox ide .  T h i s  c l e a n i n g  p r o c e d u r e  was used  on (111)- 
o r i e n t e d  S i  s i n c e  it  was r epor t ed  t h a t  s u r f a c e  oxides on (111)-oriented S i  
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decompose a t  100°C less than oxide l aye r s  on (lOO)-Si surface". 
The ZnS g r o w t h  r u n s  on S i  were p e r f o r m e d  i n  t h e  V a r i a n  MBE/GenII 
machine  u s e d  f o r  t h e  l a s t  t h r e e  ZnS g r o w t h  r u n s  on GaAs .  A f t e r  c h e m i c a l  
t r ea tmen t  and In-mounting, t h e  S i  s u b s t r a t e s  were loaded i n t o  t h e  load lock 
and o u t g a s s e d  a t  6 O O O C  f o r  3-4 hours.  The s u b s t r a t e s  w e r e  k e p t  under  a 
vacuum of 4 ~ 1 0 ' ~ t o r r  u n t i l  t h e i r  use i n  a growth run. Background p res su re  
during growth was approximately I ~ l O ' ~ t o r r ,  al though p res su res  were almost  
two o r d e r s  of magnitude higher  during t h e  S i  s u r f a c e  oxide deso rp t ion  s t e p  
b e c a u s e  o f  t h e  h i g h  t e m p e r a t u r e  of t h e  s u b s t r a t e  and m a n i p u l a t o r .  The 
growth cond i t ions  and f i l m  r e s u l t s  f o r  ZnS on ( l l l ) - o r i e n t e d  S i  are shown 
i n  Table 3. Based on these  r e s u l t s ,  a t e n t a t i v e  model has been formulated 
f o r  growth. A f t e r  oxide desorpt ion,  t h e  S i  s u b s t r a t e  has t h e  l i t e r a t u r e -  
r e p o r t e d  (7x7)  s u r f a c e  r e c o n s t r u c t i o n  shown i n  F i g .  9. A v a r i e t y  o f  
s u r f a c e  r e c o n s t r u c t i o n s  appeared as t h e  s u b s t r a t e  temperature  was decreased 
from t h e  oxide deso rp t ion  temperature t o  t h e  growth temperature.  When a 
f l u x  o f  Zn and S2 was i n c i d e n t  on t h e  s u b s t r a t e  above 3 O O 0 C ,  t h e  s u r f a c e  
r e c o n s t r u c t i o n  changed t o  a (2x2) p a t t e r n  a s  shown i n  F i g .  10. Note t h a t  
t h e  p a t t e r n  shows l i t t l e  (no)  i n t e n s i t y  m o d u l a t i o n  a l o n g  t h e  z e r o - o r d e r  
Laue zone and e x h i b i t s  wel l  def ined higher  o rde r  Laue zones. Such f e a t u r e s  
r e s u l t  from t h e  long-range p e r i o d i c i t y  and high c r y s t a l l i n e  q u a l i t y  of t h e  
Si s u b s t r a t e  and surface.  However, no observable ZnS depos i t i on  occurred 
o n  t h e  S i  s u b s t r a t e  u n d e r  t h e s e  c o n d i t i o n s ,  a l t h o u g h  t h e  ( 2 x 2 ) -  
r e c o n s t r u c t i o n  p a t t e r n  w a s  c l e a r l y  a s soc ia t ed  w i t h  t h e  Zn- and S2-f luxes. 
The a b s e n c e  o f  f i l m  g r o w t h  coupled  w i t h  t h e  s u r f a c e  r e c o n s t r u c t i o n  
dependence on i n c i d e n t  f l u x  at s u b s t r a t e  temperatures  above 3OOOC suggests  
. t h a t  e i t h e r  Zn o r  S, b u t  n o t  b o t h ,  r e s i d e s  on t h e  ( l l l ) - S i  s u r f a c e  w i t h  
some s t eady- s t a t e  coverage. Future  work using Auger E lec t ion  Spectroscopy 
( B E S )  o r  X-Ray Photoelectron Spectroscopy ( X P S )  is planned t o  determine t h e  
chemical composition of t h e  (2~2) - r econs t ruc t ed  S i  surface.  
A t  s u b s t r a t e  temperatures  below 3 0 O o C ,  t h e  s u b s t r a t e  beg ins  t o  c o l o r ,  
i n d i c a t i n g  ZnS f i l m  growth. Therefore, t he  s t i c k i n g  c o e f f i c i e n t  of e i t h e r  
t h e  Zn o r  S (which ever component is  n o t  r e spons ib l e  f o r  t h e  (2x2) s u r f a c e  
r e c o n s t r u c t i o n )  must  b e  l a r g e  enough t o  n u c l e a t e  t h e  f i l m .  However, t h e  
s u r f a c e  morphology and c r y s t a l l i n e  q u a l i t y  of t h e s e  layers,  as a s ses sed  by 
RHEED, was poor. A p o s s i b l e  cause was non-optimum nuc lea t ion  cond i t ions  
f o r  t h e s e  f i l m s .  C o n s i d e r i n g  t h e  s m a l l  s u r f a c e  m o b i l i t i e s  a t  s u b s t r a t e  
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t empera tures  below 3OO0C, improved su r face  q u a l i t y  and growth cond i t ions  
a r e  needed  t o  i n s u r e  d e f e c t - f r e e  n u c l e a t i o n  of  t h e  e p i t a x i a l  l a y e r s .  A 
more o b v i o u s  p rob lem was t h e  I n  loss t h a t  was o b s e r v e d  t o  o c c u r  d u r i n g  
o x i d e  d e s o r p t i o n .  Because  t h e  S i  s u b s t r a t e s  a r e  a t t a c h e d  t o  molybdenum 
b l o c k s  w i t h  l i q u i d  I n ,  a t  t h e  t e m p e r a t u r e s  needed  t o  d e s o r b  t h e  s u r f a c e  
o x i d e  (approx .  80O0C-9OO0C) s i g n i f i c a n t  amoun t s  o f  I n  e v a p o r a t e  f rom 
u n d e r n e a t h  t h e  s u b s t r a t e .  T h i s  loss o f  t h e r m a l  c o n t a c t  r e s u l t s  i n  l a r g e  
t e m p e r a t u r e  g r a d i e n t s  a c r o s s  t h e  s u b s t r a t e ,  i n c o m p l e t e  s u r f a c e  o x i d e  
d e s o r p t i o n  and  t h e  p o s s i b i l i t y  of t h e  s u b s t r a t e  f a l l i n g  o f f !  The two 
f o r m e r  p r o b l e m s  a r e  b e l i e v e d  t o  b e  t h e  c a u s e  of  t h e  n o n u n i f o r m i t i e s  
observed i n  t h e  th ickness  of t h e  ZnS e p i t a x i a l  f i lms .  
As a r e s u l t  of t h e s e  s t u d i e s  we are  p resen t ly  concent ra t ing  our  growth 
a c t i v i t i e s  on t h e  u s e  of  G a A s  s u b s t r a t e s  and e x p e c t  t o  p r e s e n t  a p a p e r  on 
t h i s  work a t  t h e  Third I n t e r n a t i o n a l  Conference on 1 1 - V I  Compounds. 
In conjunct ion  w i t h  t h e s e  growth s t u d i e s  w e  are making p repa ra t ions  t o  
do In- f ree  mounting f o r  one- o r  two-inch S i  wafers  and a l s o  i n v e s t i g a t i n g  
t h e  p o t e n t i a l  of photo-assis ted MBE growth and/or  chemical  beam epi taxy  of 
ZnS. Both of  t h e s e  g r o w t h  t e c h n i q u e s  were  r e c e n t l y  r e p o r t e d  i n  t h e  
l i t e r a t u r e  and  have  d e m o n s t r a t e d  1 1 - V I  f i l m s  o f  improved  c r y s t a l l i n e  
p e r f e c t i o n  and c o n t r o l l a b l e  doping. 
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. 
- Run 
#3 
#4 
#5 
#6 
P7 
#8 
P9 
#lo 
Maximum 
S u b s t r a t e  
TemD. 
63OOC 
65OOC 
4 0 O o C  
325OC 
6 90°C 
7OO0C 
6OO0C 
6 1 O°C 
Growth 
TemD. 
3OOOC 
4OO0C 
350° 
325OC 
47 5% 
18OoC 
25OoC 
25OoC 
Beam Time 
Eauivalent  Pressure  of Growth 
8.7xlO”torr 
3.2x10-6torr 
2.1x10-8torr 
3. 7x1 0-6, orr 
5 h r s ,  32 min 
2 h r s ,  44 min 
5 h r s  
4 h r s ,  4 rnin 
4 h r s ,  40 rnin 
3 h r s ,  16 rnin 
3 h r s ,  3 min 
2 h r s ,  18 min 
Table 1. Summary of r e s u l t s  f o r  h e t e r o e p i t a x i a l  ZnS on 
- Film 
No f i l m  on s u b s t r a t e  
No f i l m  on s u b s t r a t e  
Nonuniform, purp le  
f i l m  on ‘ s u b s t r a t e  
RkEED p a t t e r n  shows 
twinning 
Same as Run 95,  bu t  
green i n  c o l o r  
Uniform, gold f i l m  on 
s u b s t r a t e ;  smooth 
su r f  ace morpho logy 
Uniform, green  f i l m  
on s u b s t r a t e ;  smooth 
su r face  morphology 
No f i l m  on s u b s t r a t e  
ZnS furnace  empty 
Uniform, purp le  f i l m  
on s u b s t r a t e ;  smooth 
su r face  morpho logy 
( 1 0 0 b o r  i en  t ed GaAs. 
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1. Degreas ing 
Rinse i n  overflowing deionized water f o r  10 min. 
Rinse t w i c e  i n  methyl a l coho l  ba th  f o r  5 min. w i t h  a g i t a t i o n  
Boil  i n  t r i c h l o r e t h y l e n e  ba th  f o r  15 min. 
Rinse tw ice  i n  methyl a l coho l  ba th  for  5 min. w i t h  a g i t a t i o n  
Rinse in overflowing deionized water f o r  10 min. 
2. "03 bo i l ing  
Boil i n  H N O 3  b a t h  a t  13OoC f o r  10 min. t o  e t c h  S i  s u r f a c e  r e g i o n  
and t o  form t h e  oxide layer. 
Dip i n  2.5% HF s o l u t i o n  f o r  10-158, t o  remove oxide. 
Rinse i n  overflowing deionized water. 
Check t h e  s u r f a c e .  I f  t h e  s u r f a c e  d o e s  n o t  d r y  u n i f o r m l y ,  t h e  
H N O 3  b o i l i n g  p r o c e d u r e  i s  done once  a g a i n .  G e n e r a l l y ,  3-4 
r e p e t i t i o n s  are performed. 
3. "4OH b o i l i n g  ( a l k a l i  t reatment)  
B o i l  i n  a s o l u t i o n  o f  NH40H:H202:820 (1:1:3) a t  90°C f o r  1 0  min 
(Mix " OH and H20 and b r ing  t o  temperature. 
Dip i n  4.5% HF s o l u t i o n  f o r  10-158, t o  remove the  oxide layer. 
Rinse i n  overflowing deionized water. 
t o  make a t h i n  s u r f a c e  oxide. 
J u s t  p r i o r  t o  use,  add H202.1 
4. HC1 b o i l i n g  ( ac id  t reatment)  
B o i l  i n  a s o l u t i o n  of HC1:H2O2:H2O(3:1:1) a t  90°C f o r  10 min. t o  make a 
(Mix H C l  and H20 and b r ing  t o  temperature. 
Rinse in overflowing deionized water f o r  10 min. 
Check t h a t  t h e  su r face  uniformly becomes wet. 
Spin dry.  
t h i n  s u r f a c e  oxide. 
J u s t  p r i o r  t o  use,  add H202.) 
C h e m i c a l s  used  i n  t h i s  work were n o t  s p e c i f i c a l l y  p u r i f i e d  b u t  
commercial r eagen t s  were guaranteed a s  : 
HNO3: 64-66 w/o assay with l e s s  than 2ppm impur i t i e s ;  
HC1: 35-37 w/o a s say  with less than 7 ppm i m p u r i t i e s ;  
H202: 30 w/o assay with less than 40 ppm impur i t i e s ;  
"4OH: 28-30 w/o assay with less than 10 pprn i m p u r i t i e s ;  
€IF (50%) ,  methyl a l coho l  and t r i c h l o r e t h y l e n e :  semiconduc- 
t o r  grade,  deionized water:  14-15 M. ohm cm. alcohol.  
Table 2. I sh i zaka  s u r f a c e  preparat ion f o r  S i  s u b s t r a t e s  from Reference 16. 
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_- 
Maximum 
S u b s t r a t e  Oxide Growth B e a m  T i m e  
- Run TemD. Desorb? TemD. Eauivalent Pressure  of Growth Fi lm 
VI 97OOC No 9 7OoC 3 . 4 ~  1 0’6 t o r  r 1 Nonuniform, poly- 
c r y s t a l l i n e  f i l m  
lc2 970OC Yes 600OC- 2 .8~10’~tor r  3 h r s ,  16 rnin Nonuniform, 
350% colored  f i l m  
#3 97OOC Yes 450OC 1 . 8 ~ 1 0 ’ ~ t o r r  3 h r s ,  51 min No f i l m  on s u b s t r a t e  
#4. 850OC Yes 35OOC 1 . 4 ~ 1 0 ’ ~  t o r r  1 P o l y c r y s t a l l i n e  f i l m  
lc5 9oooc Yes 450OC- 4 . 1 ~ 1 0 - ~ t o r r  4 h r s ,  17 rnin P o l y c r y s t a l l i n e /  
25OOC twinned f i l m  
06 97OoC Yes(?> 45OoC- 5 .8~10’~ to r r  5 h r s ,  21 min S ing le  c r y s t a l  f i l m ,  
25OOC green i n  c o l o r  
$7 97OoC No 900OC- l.lx10’6torr 6 h r s ,  8 min S ing le  c rys t a l / tw inned  
275OC f i l m ,  brown i n  c o l o r  
Table 3. Summary of r e s u l t s  f o r  h e t e r o e p i t a x i a l  ZnS on ( l l l b o r i e n t e d  Si. 
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Figure 1. QMS spectrum f o r  ZnS/GaAs # 6 .  
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Figure 2. RHEED pattern of (100)-GaAs surface after oxide desorption. 
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Figure 3.  WEED pattern of heteroepltaxial ZnS layer on (100)-GaAs. 
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Figure 4. RHEED pattern of (100)-GaAs surface with S2 and Zn fluxes 
incident at elevated temperatures. 
c 
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Figure 5. WEED pattern of (100)-GaAs surface with S and Zn fluxes incident 2 
as substrate temperature is lowered. - 
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Figure 6. RHEED pattern of (100)-ZnS epitaxial layer on (100)-GaAs substrate. 
a 
56 
Figure 7. Phase-contract microscopy photograph of ZnS surface from Growth 
Run %8. Magnification is 1OOOX. 
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Figure 8. SEM photograph of ZnS surface from Growth Run 58 at glancing incidence. 
58 
ORIGINAL PAGE Op 
OF POOR QU- 
? 
Figure 9. RHEED pattern of the (111)-oriented Si (7x7) surface reconstruction. 
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Figure 10. RHEED Pattern of the (111)-oriented Si (2x2) surface 
reconstruction due to impinging Zn and S fluxes. 2 
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